Conjugated linoleic acids (CLA) are found naturally in dairy products. Two isomers of CLA, that differ only in the location of cis and trans double bonds, are found to have distinct and different biological effects. The cis 9 trans 11 (C9T11) isomer is attributed to have the anti-carcinogenic effects, while the trans 10 cis 12 (T10C12) isomer is believed to be responsible for the anti-obesity effects. Since dietary CLA are incorporated into membrane phospholipids, we have used Molecular Dynamics (MD) simulations to investigate the comparative effects of the two isomers on lipid bilayer structure. Specifically, simulations of phosphatidylcholine lipid bilayers in which the sn-2 chains contained one of the two isomers of CLA were performed. Force field parameters for the torsional potential of double bonds were obtained from ab initio calculations. From the MD trajectories we calculated
Introduction
Isomers of linoleic acid that contain conjugated double bonds (conjugated linoleic acids, CLA) occur naturally in dairy products and meats, and are known to exert several biological effects in experimental animals, including anti-carcinogenic effects, reduction in adiposity, and improvement of immune function (1; 2; 3). Although 16 isomers of CLA have been identified in natural products, only two, cis 9 trans 11 (80%) and trans 10 cis 12 isomers (10%) dominate in dairy products, whereas man-made CLA preparations which are used as nutritional supplements generally contain equal amounts of the same two isomers. Even though both these isomers contain one trans double bond and one cis double bond, they differ significantly from each other in their biological effects, suggesting that the location of the cis and trans double bonds in the acyl chain plays a critical role in the biological function. Thus, the cis 2 9 trans 11 isomer appears to be responsible for most of the anti-carcinogenic effects, while the trans 10 cis 12 isomer appears to be responsible for the anti-obesity and anti-atherogenic effects (4) , as well as the insulin-resistance effects in mice (5) . The mechanism of action, and the molecular basis for the divergent effects of CLA isomers remain unclear, despite numerous studies in experimental animals and cultured cells. Some of the biological effects of CLA are due to their regulation of transcription factors such as PPARs, LXR, SREBPs, and NF kappa B (2; 6). While the two CLA isomers have also been shown to differentially regulate the transcription of selected genes in cultured cells (7; 8) , the pleiotropic effects of CLA cannot be completely explained by these mechanisms. Furthermore CLA, like other dietary fatty acids, do not remain as free fatty acids in the cells, but are incorporated into membrane phospholipids (9; 10; 11; 12; 13). Therefore it is possible that at least some of the effects of CLA are through modification of membrane structure and function, as demonstrated for the omega 3 fatty acids which alter the distribution of lipids and proteins between raft and non-raft fractions of the membranes, and thereby affect cellular functions (14; 15; 16; 17) . To test this hypothesis, we conducted a molecular dynamics (MD) simulation study of bilayers of phosphatidylcholine (PC) which contained a palmitic acid at sn-1 position, and cis 9 trans 11 CLA or trans 10 cis 12 CLA at sn-2 position. MD simulations of phospholipid bilayers are widely used to study the physical properties of specific bilayers with different lipid compositions, with cholesterol, or with embedded peptide/proteins. Current MD studies of lipid bilayer structure predict bilayer structural properties that are in excellent agreement with experimental data. Given this agreement, simulations can add atomic level insight into interactions between lipids, cholesterol, and water (18; 19; 20; 21; 22; 23; 24) .
For example, Pandit et al (25) used atomistic simulations to compare the ef-3 fect of chain unsaturation on lipid-cholesterol interactions in binary mixtures, and thereby providing insight into differential lipid interactions related to the formation of "raft"-like domains. In this paper, we focus on two linoleic acid isomers, cis 9 trans 11 and trans 10 cis 12, as these two isomers have important physiological functions. Although the effect of isolated double bonds has been studied by MD simulation (26) , no studies have been conducted on the effect of conjugated double bonds on phospholipid structure.
MD Method
In MD simulations it is necessary to specify the "force field" , a listing of all interaction parameters between all pairs of molecules, both bonded and non-bonded. Force fields are generally calculated by independently fitting MD simulations to well characterized simpler compounds such as liquid alkanes, water, or various "model compounds" that resemble other fragments of lipid molecules. The force-field parameters used for this work were taken from the newly developed GROMOS 43A1-S3 parameter set (27) . This set provides significant improvement over earlier GROMOS parameter sets (28; 29) through improved parameters for hydrocarbon chain van der Waals potentials, and for polar group dihedral potentials.Our 43A1-S3 force field was designed with simulations using 16 angstrom cutoffs. The choice of 16 angstroms was based on simulations of hydrocarbons, where we found that the was the necessary cutoff to eliminate a strong cutoff-dependence of computed specific volume.
The van der Waals parameters were set by matching specific volume data for hydrocarbons (for the lipid tails) and for small molecule analogues of the head groups. They were then validated by showing that when used in lipid 4 bilayers, they match the diffraction data, which is the raw data from which cross-sectional areas are derived. As Pabst et al (30) point out, recent advances in the computational tools for interpreting diffraction data (31) have resulted in reducing the experimental estimates of lipid cross-sectional area by as much as 10%. Thus the parallel advances in simulation technology and technology for data analysis have resulted in a reduction in our best estimates for lipid cross-sectional area.
For CLA simulations it was necessary to calculate additional dihedral parameters for the conjugated double bonds for this work. The importance of these parameters has been emphasized in a recent study by Martinez-Seara et al (32) This was done following the procedure used for the 43A1-S3 force field (27) , using the model compound trans,cis(EZ)-2,4-hexadiene for both isomers (since the cis/trans order in C9T11 and T10C12 is simply reversed).
For bonding parameters not part of the -CH=CH-CH=CH-dihedral we used existing parameters in the 43A1-S3 force field. For the conjugated double bond dihedral energy parameterizations, in both cases, non bonding parameters were set to existing parameters in 43A1-S3 and ab initio calculations were done at the MP2=full/6-31G** level using Gaussian. The bilayers were hydrated with 6800 SPC-E water molecules, for a hydration level of 34 water molecules per lipid. All the simulations were performed using the GROMACS 4.05 package (33) . The LINCS algorithm was used to constrain all the bonds in the system (34) allowing an integration time step of 2 fs.
Periodic boundary conditions were applied in all three dimensions and long range electrostatics were calculated using the PME algorithm (35) with a real space cutoff of 10Å. As noted above, a cutoff of 16Å was employed for van der Waals interactions. All simulations were performed at 298 K using the Nose-Hoover temperature coupling scheme. The system was simulated in an NPT ensemble using the Parrinello-Rahman pressure coupling scheme at a constant pressure of 1 bar.
The only difference between CLA-PC and palmitoyl-oleoyl phosphatidylcholine (POPC) molecules is in the conjugated double bonds on the sn-2 chain. Therefore we built CLA-PC molecules for both C9T11 and T10C12 from a POPC molecule, and then did energy minimization on the resulting structure. Initial configurations of bilayers were subsequently generated by random placement of 100 CLA-PC molecules per leaflet using Gromacs utilities. 
MD Results and discussion

Dihedral distributions of conjugated double bonds
To further validate the calculated conjugated bond dihedral potential functions, dihedral angle distributions were monitored during MD simulations.
Trajectory average distributions of conjugated dihedral angles for the two dihedrals involving double bonds in the two bilayer systems are plotted in Figure   3 . Angles around 0
• indicate the four carbons of the dihedral are in the cis configuration, while angles around 180
• indicate the trans configuration. For C9T11, the cis double bond lies between C24 and C25, the solid line in the middle shows the bond remains in the cis conformation, while the dotted line shows the trans double bond, between C26 and C27 remains in that conformation. For T10C12, the cis/trans order is reversed compared to C9T11, with the trans bond between C25 and C26 and the cis bond between C26 and C28 as shown in Figure 3 . We calculated reorientational correlation times for the dihedrals for which the middle C-C bond is the single bond (the dihedrals of 
Structural and thermodynamic properties
In MD studies of lipid bilayers, the calculated area per molecule is often used to assess the validity of a simulation. We obtained molecular areas by dividing the xy area of the simulation box by the number of lipids per leaflet, 100.
The initial fluctuations in the area per lipid were large, but decreased over time. After 100 ns the areas became stable with small fluctuations, so we began production runs at that point. for T10C12 is larger than that for C9T11 but the difference is within the error bars.
Lipid chain conformational flexibility is commonly described by profiles of "order parameters". The definition of the order parameter for the m'th carbon in a chain is
where θ m is the angle between the C-H bond vectors and the bilayer normal for carbon m. (42) In general, if a segment can freely rotate, its order parameter will be close to 0 whereas if it is completely rigid and the chain is oriented parallel to the bilayer normal, its order parameter will be close to 0.5 in absolute value. Figure 6 shows the segmental deuterium order parameters for carbons and 6 double bonds on the sn-2 chain, tend to fold back (upturn) to make the bilayer thinner. The mass density profiles in Fig. 7 show no significant "upturn" in these membranes. It is also of interest to examine the average tilt of the sn-1 and sn-2 chains for the C9T11 and T01C12 isomers. Given that there are no upturns in the chains on average, tilt angles were calculated from the angle between the bilayer normal and vector between C33 and C15 carbons for sn-2, and between C52 and C36 for sn-1 respectively, for both CLA Figure 8 shows our calculated pressure profiles for the two CLA isomers. The profiles are qualitatively similar but with differences in the membrane near the choline groups, where T10C12 has a lower (more negative) pressure, which is indicative of a relatively larger surface tension in this region. In the bilayer central region, T10C12 has a lower pressure. T10C12 has a slightly higher pressure in the region of the membrane interior between the location of the first double bond and the aqueous interface. While the differences on a relative scale are small, we note that the scale on Figure 8 is hundreds of bars. We also note that the data for Figure 8 have been symmetrized by averaging over the two leaflets for each membrane. We can compare our calculated profiles with profiles calculated by MD simulation for polyunsaturated lipid bilayers by Ollila et al. (48) They also find the expected minimum in the lateral pressure near the membrane choline groups, and they find that the magnitude of the negative pressure in this region increases with the degree of unsaturation of the membrane. They also find that the pressure in the bilayer center decreases with increased unsaturation. In order to identify subtle differences between the pressure profiles for the two isomers, that may contribute to differences in mechanical and thermodynamical properties. We also calculated the first two moments of the pressure profiles:
For this calculation we integrate from the bilayer center out to the polar group region. We found that the moments are again nearly identical: For c9t11 chains. Thus the primary conclusion we draw is that the pressure profiles and the moments are nearly identical for both CLA isomers in this study.
Discussion
While the biological effects of the C9T11 and T10C12 are markedly different, current experimental data do not reveal large scale structural differences.
In addition to the monolayer isotherm data discussed earlier (37) 
